Abstract: This paper reports a novel 3D printed MEMS magnetometer with optical readout, which demonstrates the advantages of 3D printing technology in terms of rapid prototyping. Low-cost and fast product development cycles favour 3D printing as an effective tool. Sensitivity measurement with such devices indicate high accuracy and good structural performance, considering material and technological uncertainties. This paper is focusing on the novelty of the rapid, 3D-printing prototyping approach and verification of the working principle for printed MEMS magnetometers.
Introduction
Additive manufacturing technologies for micromachining MEMS devices are emerging, favouring small-sized manufacturing volumes and prototyping purposes. These technologies comprises inkjet deposition, laser-, ion-, electron beam and scanning probes to add or remove material. Fast design and testing phases are feasible with 3D-printing technologies compared to costly re-design and fabrication cycles in traditional MEMS fabrication processes. A study about the options for additive rapid prototyping methods can be found in [1, 2] . Low-cost 3D-printing technologies have also their potential in education for MEMS design and fabrication, where students experience the challenge of iterative modelling and design processes on upscaled MEMS devices [3] .
The presented magnetometer benefits from the resonant operation principle [4] , i.e., magnitude amplification and the advantage of the optical readout which has proven to be highly sensitive [5, 6] . Recently, a silicon Lorentz force based transducer for magnetic field detection was demonstrated in [7] . However, this work emphasise the advantages of 3D print technologies in terms of fast design and accelerated testing phases. Reference [8] offers a more profound study about 3D printed magnetic field sensors.
Sensing Principle and Fabrication
The prototype, depicted in Figure 1a , is printed from a photo-reactive acrylate resin with stateof-the-art 3D printing Multijet Modeling (MJM) technology. Acrylate as print material features the best possible printing resolution on the market for low-cost manufacturing, insulating characteristics and easy accessibility. A deflectable mass designed with apertures, coated with conductive silver, and suspended by eight springs attached to a frame is shown. The corresponding grating is aligned on the opposite side and fixed to the structure's stationary frame. Applying an alternating current on top of the deflectable structure yields an oscillation in presence of a static magnetic field and, hence, modulates an introduced light flux by relative in-plane movement of mass and stationary mask.
The Lorentz force principle and finite element method (FEM) simulation results of the prototype's eigenmodes is depicted in Figure 1b . Properties of acrylic plastic such as the material density of 1200 kg/m 3 and Young's modulus of 1420 MPa were selected for the simulation. The MJM printing process simultaneously dispenses and cures a photopolymer through a printing head in a layer-by-layer process with achievable resolutions of 16 µm [1] . Nevertheless, the structural design is restricted by the manufacturer to guarantee handling and cleaning of the prototypes. Most manufacturers recommend a minimum thickness of 0.3 mm for walls and 0.6 mm for free standing areas to prohibit agglutination or buckling. Further, a wax-like material supports the printing process, i.e., cavities and free standing areas, that must be removed in an ultrasonic bath after printing. Figure 2 depicts such wax residues on a poorly designed prototype. Figure 2 . Limitation of 3D printing technology is shown by the very first prototype. Surface roughness occurs at long and thin free standing areas, e.g., springs (left). Remaining wax and acrylate residues introduce clumping (middle) and tension (right). Figure 3 depicts the experimental setting for the characterisation of the prototype's responsitivity. A custom made mounting device, also 3D printed, consists of four spring probe pins which clamps the prototype into a cavity and additionally feeds the excitation current. Spaces for neodymium disc magnets in the top and bottom part of the device allows easy replacement of the magnets. An LED and photodiode is integrated in the top and bottom part of mounting device, respectively. The detected modulated light flux is amplified using a trans-impedance amplifier (TIA, OPA404) and acquired with a lock-in amplifier (Stanford Research Systems SR830) resulting in magnitude and phase data of the overall sensor transfer function. The field distribution depicted on the right in Figure 3 was measured with a transversal Hall effect sensor (AS-NTM-2, Teslameter, Project Elektronik, Berlin, Germany ). 
Measurement Set-Up

Results
The responsitivity of the magnetometer is measured at the structure's natural frequency f 0 by applying a set of magnetic field strengths and, thus, demonstrating a linear behaviour of the output signal. The applied excitation current was set to 20 mA (peak-peak) during the measurements. Figure  4a The prototype's linear behaviour depending on the magnetic field strength is shown in Figure 4b . The responsitivities S f 0 = 146.25 mV/T and S min = 6.83 mV/T were extracted at resonance and at 200 Hz, respectively. Further, the data set of S min is harmonised, hence multiplied with Q avrg to allow comparison with the data at resonance in Figure 4b . In theory, S f 0 and the harmonised responsitivity S min,harm = 177 mV/T should be the same. Nevertheless, the values differ due to possible non-linearity effects, multiplication of S min with the averaged quality factor, influence of noise and a chosen low frequency range (200 Hz) which is too close to the prototype's resonant frequency (frequency ratio f min /f 0 = 0.42). The latter argument must be considered as more decisive but resolvable by reducing the frequency ratio.
Furthermore, the prototype's stiffness was estimated to be k = 36 N/m by taking its averaged resonance frequency and the approximate mass of the deflectable part from the CAD drawing (≈158 mg).
Conclusions
A Lorentz force based magnetometer was 3D printed with state-of-the-art technology and characterised. The prototype's behaviour in a static magnetic field was studied, revealing a responsitivity of 146 mV/T. However, 3D printed MEMS resonators are currently limited in terms of achievable printing resolutions and mechanical properties of polymer materials, i.e., the tensile modulus of silicon is approximately two orders of magnitude larger than the one of polyacrylates or polycarbonates. Nevertheless, the ongoing development on the 3D printing market promises enhancements in printing resolution and accuracy, as well as developing new printable composite materials which offer a wider range of mechanical properties.
The results proof that rapid prototyping is a useful and effective assessment tool to demonstrate working principles for designs before initiating costly conventional MEMS technology.
